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While species fulfill many different roles in ecosystems, it has been suggested that numer-
ous species might actually share the same function in a near neutral way. So-far, however,
it is unclear whether such functional redundancy really exists. We scrutinize this question
using extensive data on the world’s 4168 species of diving beetles. We show that across
the globe these animals have evolved towards a small number of regularly-spaced body
sizes, and that locally co-existing species are either very similar in size or differ by at least
35%. Surprisingly, intermediate size differences (10–20%) are rare. As body-size strongly
reflects functional aspects such as the food that these generalist predators can eat, these
beetles thus form relatively distinct groups of functional look-a-likes. The striking global reg-
ularity of these patterns support the idea that a self-organizing process drives such species-
rich groups to self-organize evolutionary into clusters where functional redundancy ensures
resilience through an insurance effect.
Introduction
‘Why are there so many kinds of animals?’Hutchinson asked half a century ago in what
became a classic article in ecology [1]. As he pointed out, it is hard to imagine that there are
really so many different niches. Follow-up work showed that competitive exclusion through
the ‘limiting similarity’ principle [2] may in practice be prevented by forces ranging from pre-
dation [3] to chaotic population dynamics [4], environmental fluctuation [5,6] and incidental
disturbances [7,8]. Radically different is the idea proposed in the neutral theory of biodiversity
[9,10], suggesting that large numbers of species may co-exist simply because they are equiva-
lent, so that no species can out-compete another. This theoretical result is fragile in the sense
that if one lets species differ slightly, the co-existence collapses [11,12]. However, recent theo-
retical work has suggested a way out of the paradox, proving that the neutrality idea can be
merged with niche theory, to produce predictions of co-existence of many species in a limited
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number of niches [13,14]. The central result is that a particular niche may fill up with a large
number of species which are not completely identical, but almost equivalent. Such near-neu-
trality makes the process of competitive exclusion slow enough to be offset by the many equal-
izing mechanisms that help prevent competitive exclusion. Proving near-neutrality within a
niche is hard, as there can always be unnoticed extra niche dimensions in which the species dif-
fer. However, predictions become more specific and testable if rather than a set of idiosyncratic
niches there is a continuous niche dimension, such as a size range of food items. In this situa-
tion species that differ more in size are expected to compete less as they can utilize differently-
sized food items. Evolution is then predicted to lead to self-organized groups of similarly-sized
species, with a regular spacing between such groups (e.g. Fig 1) [13]. Mathematically, this is
essentially similar to the explanations for emergent regular patterns such as the stripes on a
zebra skin or the tiger-bush pattern of desert vegetation. The regularity is what sets such pat-
terns aside, and what allows us to recognize them as the result of self-organization in nature
[15]. The basic principle behind such self-organization was demonstrated in a classical paper
by the legendary mathematician Alan Turing [16]. Essentially, such regular patterns emerge
when conditions are such that a homogeneous distribution becomes unstable. As a result of
such ‘Turing instability’ even a small perturbation is enough to break the symmetry and lead to
a self-amplified redistribution into regular patterns. In the case of animal skin patterns or des-
ert vegetation such patterns occur in physical space. In the case of competition, the patterns are
formed in niche space.
The robustness of the tendency for self-organization in niche-space has been demonstrated
analytically and numerically in a range of competition models including more than one niche
dimension [17,18]. Also, several sets of field data seem to support the predictions [15,19,20].
Nonetheless, the idea of (near) neutrality remains highly controversial and it is at the heart of
the debate on the functional role of biodiversity, as it seems a paradox in view of niche theory
[21]. Indeed, if self-organized similarity shaped much of nature’s diversity we should funda-
mentally rethink the way we look at the ecological identity of species [22,23].
Results and Discussion
Here we confront the prediction of self-organized similarity to massive data from the most spe-
cies-rich group of animals in nature: beetles. We focus on global data for adult diving beetles
(Dytiscidae). Body size in these animals will reflect aspects of the functional niche, as it does in
many other groups of animals [13,24]. This is because many functional aspects are related to
body size. For instance, as these animals (especially their larvae) are mostly opportunistic pred-
ators [25], body size relates to the range of prey items available. The fact that body size is corre-
lated to functional niche aspects implies that more similarly-sized animals are expected to
compete more. As a first step we analyzed the size distributions of all known species of diving
beetles for the different zoogeographical regions of the world as provided in the World Cata-
logue of Insects, Vol. 3: Dytiscidae (Coleoptera) [24]. In addition we scrutinized patterns of
size difference between co-occuring species on a local scale by analyzing body length ratios of
all pairs of species found in 1507 samples taken from Dutch ditches as reported in the Limno-
data neerlandica (available at http://www.limnodata.nl). Lastly, we relate our findings to body
size patterns in communities of subterranean species that evolved independently in isolation
for 5 million years in 34 Australian aquifers [26]. To detect multiple modes in the frequency
distributions of body lengths in the global data-set [24], in the simulated data and in the body
size ratios of co-occurring species in the Dutch field data we fitted Gaussian distributions
through latent class analysis using the ‘gmdistribution’ function from the MATLAB statistics
toolbox (MATLAB version R2011a) for models with 1–10 classes (See S2 File).
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Size distributions on global and local scales
Our global analysis reveals that the frequency distributions of log body sizes are multimodal
for all zoogeographical regions of the world (Fig 2). The regular patterns we find are consistent
with self-organized niche spacing reducing competition between the modes, while at the same
time allowing a large number of species to co-exist within each mode. To test if those large-
scale patterns reflect true co-occurrence in the field we analyzed body length ratios of pairs of
species found in 1507 samples taken from Dutch ditches (STOWA, Limnodata neerlandica at
http://www.limnodata.nl). The results (Fig 3A) confirm that also on a micro-scale, co-occur-
ring species tend to be either similar in size or differ by a factor of 1.35 (echoed by its approxi-
mate multiples of 1.8 and 2.4). This ratio is well in line with the spacing between lumps of
species found across zoogeographical regions of the world (Fig 3B). The size ratio of 1.35 most
likely reflects the ‘limiting similarity’ needed for niche separation. In fact, it corresponds
remarkably well to the average size ratio of roughly 1.3 between co-occurring pairs of otherwise
very similar species of mammals and birds discussed by Hutchinson in his classical paper [1].
Most importantly however, the micro-scale field patterns confirm that co-occurring species
often have very similar sizes.
The key observation confirmed by the field observations (Fig 3A) is that while similarity
and dissimilarity (size ratios of 1 versus 1.35 or more) are common, intermediate differences
Fig 1. Example of a self-organized size distribution of species predicted by a generic model of
competition and evolution along a hypothetical niche axis [13]. Evolutionary self-organization leads to
lumps of similar species, where the spacing between the lumps corresponds to classical limiting similarity.
The curves represent Gaussian distributions fitted through latent class analysis using the ‘gmdistribution’
function from the MATLAB statistics toolbox (MATLAB version R2011a) to find the best fit for models with
1–10 classes. See S1 File for model and S2 File for mode analysis.
doi:10.1371/journal.pone.0137974.g001
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(size ratios around 1.1–1.2) are less likely. Given that size approximately reflects niche in these
generalist carnivores, the patterns we detect on continental and micro-scales support the
hypothesis [13] that evolution drives species to become either sufficiently similar or sufficiently
different to co-exist. Clearly, body size is not a perfect indicator of the food range that is avail-
able to a species, as morphology of the mouth parts, habitat choice, time constraints during lar-
val development and numerous other relevant functional aspects will vary between species. It is
therefore remarkable that the 1.35 spacing pattern that stands out clearly at a micro-scale is
still recognizable at continental scales.
Repeated size evolution: a 5 million year natural replicated experiment
An obvious question is how the apparent multitude of species occupying the same niche could
evolve. Sympatric convergence may seem unlikely, but is in fact expected theoretically [13] and
consistent with evidence from Cichlid evolution [27]. Another possibility is that in isolated
habitats adaptive radiation has repeatedly produced similar species, and that upon subsequent
reconnection such communities mixed allowing near-neutral co-existence of such species.
Indeed, we found a striking example of repeated self-organization in diving beetles [28,29]. In
Fig 2. Size distributions of diving beetles in the different zoogeographical regions indicated in the central panel (e) and for the Northern (b) and
Southern hemisphere (h) combined. The solid curve represents a kernel smoothed estimator of species density (see methods). Dashed curves represent
the fitted constituent distributions computed by means of latent class analysis as in Fig 1. See S2 File for mode analysis.
doi:10.1371/journal.pone.0137974.g002
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Australia around 5 million years ago climatic drying eliminated most surface water and forced
diving beetles to go underground where they have since then evolved in entirely isolated aqui-
fers. To check for size patterns, we measured species from 34 of these aquifers. Most aquifers
turned out to contain three species, a small, a medium and a large one (Fig 4) [26]. Phyloge-
netic analysis reveals that this pattern occurs quite independently of the founder species, and
that two differently sized species even evolved in several cases from a single founder-species
[28]. Clearly, this is a different habitat from the open water. The maximum body size is
Fig 3. Distributions of body length ratios in diving beetles. (A) Body length ratios of pairs of species
found in 1507 samples of Dutch ditches where >2 species of diving beetles were found (yielding a total of
28,762 locally co-occurring species pairs). To compute the ratios between pairs of species found in the same
samples from Dutch ditches we used the average body lengths reported for those species. Subsequently we
calculated the ratio of the length of all combinations of species within each sample. Dashed curves represent
the fitted constituent distributions computed by means of latent class analysis as in Fig 1. (B). Frequency
distribution of the peak-to-peak body length ratio for each zoogeographical region (n = 27) and of the northern
and southern hemisphere aggregated (n = 11) (see Fig 2).
doi:10.1371/journal.pone.0137974.g003
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constrained by the cavities in which the animals have to manoeuvre, and these entirely isolated
habitats are poor in resources which may explain why only one species survived in each of the
three self-organized niches [13,26]. Also, the size ratio between the species (roughly a factor
1.6) is larger than in the surface water communities. This larger niche spacing may seem sur-
prising at first sight, but is in line with the prediction that species should space out more on the
niche axis if there are fewer competing species [30]. Despite the idiosyncrasies this remarkable
replicated natural experiment illustrates the potential for repeated evolution of similar size-
structures.
Parallel lines of theory coming together
Taken together our results support the theoretical prediction that diversity of species-rich com-
munities may arise from evolutionary self-organization towards near-neutral co-existence of
numerous species in a limited number of functional groups [13]. We do wish to stress that this
finding does not come out of the blue. Rather we are standing on the shoulders of giants on
both the theoretical and the empirical side.
On the theoretical side the possibility of convergent evolution of competing species was
already predicted in 1967 by MacArthur and Levins in their classical paper on similarity [2],
although it was thought at that time that upon convergence, only one species would eventually
prevail in each niche. The insight that in a complex world with numerous competing species
such forces could lead to the emergence of a pattern of regularly spaced of humps of similar
species could not so easily be obtained analytically from the competition equations, and was
only found by computer simulations 40 years later [13]. The fundamental mathematical mech-
anism behind such spontaneous pattern formation was in fact uncovered by the mathematician
Alan Turing in an 1952 article on the question how an embryo can develop from symmetrical
spherical blastula stage into a hydra with tentacles or another animal [16]. The same Turing
was also one of the minds behind the development of the modern computer that (as he foresaw
in his 1952 paper) would later facilitate more specific predictions of emergent regular patterns
(such as ours) now broadly known as Turing patterns.
On the empirical side an important precursor we wish to highlight is a seminal paper by C.
S. Holling showing that the distribution of body sizes in various groups of animals and habitats
is conspicuously ‘lumpy’ [24]. Although his textural discontinuity hypothesis suggesting that
gaps in distributions of species sizes would reflect gaps in the scales of ecosystem processes and
structures has remained controversial [31] Holling’s observations inspired broad follow-up
work [32]. Equally controversial, yet ground-breaking was the neutral theory of biodiversity by
tropical ecologist Stephen Hubbell asserting that most species might be able to co-exist simply
because they are essentially equivalent [9]. These theories are not mutually exclusive. Although
textural properties of ecosystems would not by themselves explain a regular spacing of body
sizes [15], they may still favour certain body sizes that serve as anchor points for an otherwise
self-organized regular pattern of body sizes [13]. Similarly, neutrality [9] may seem at odds
with niche separation, but in fact ‘near neutrality’may an important factor facilitating co-exis-
tence within a functional niche [13].
Sticking to the metaphor of standing on the shoulders of giants, we would argue that differ-
ent shoulders supported isolated building blocks: competition theory, Turing instability,
Fig 4. Communities consisting of triplets of blind diving beetle species found in different underground aquifers (numbers) that became isolated 5
million years ago when Australian climate became arid. Independently of the founder species, evolution led to a small a medium and a large species in
each aquifer. H, B and C code the tribes Bidessini, Hydroporini and Copelatini; bars connect pairs of species that evolved from the same founder species
(illustration courtesy of Chris Watts and Howard Hamond).
doi:10.1371/journal.pone.0137974.g004
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lumpiness of species sizes and neutrality of species are elements that now turn out fit seamlessly
together. The striking regularity of the patterns we reveal in the size distributions of the world’s
4168 diving beetles, and the consistency across scales and habitats implies a strong case for the
view that Turing instability has driven the immense numbers of species on earth to self-orga-
nize evolutionary into a surprisingly limited number of functional groups.
Implications for Ecological Resilience
Obviously, functional redundancy does not imply that species are otherwise identical. Rather,
they will typically differ in their response to a range of environmental factors and this response
diversity will promote resilience of the group as a whole to various kinds of shocks and fluctua-
tions [33]. Although the species richness and the strong link between body size and niche make
these beetles an ideal group for the kind of analysis we performed, there is no reason to assume
that similar evolutionary self-organization would not occur in other organisms. Indeed, pat-
terns in organisms ranging from phytoplankton to birds and fossil branchiopods are consistent
with this idea [15,19] and recent work on Cichlids convincingly shows how co-occurring spe-
cies from different phylogenetic origin have evolved to become almost indistinguishable mor-
phologically and ecologically [27].
In conclusion, we suggest that evolution is a generator not only of functional complemen-
tarity but also of functional redundancy. While functional complementarity promotes the mag-
nitude of ecosystem processes, redundancy promotes resilience of such ecosystem processes
through the insurance effect of biodiversity [33,34]. This insurance effect is due to the fact that
species that are near-neutral when it comes to their functional role (e.g. their niche in terms of
the food they eat), will typically still differ in their response to various stressors [33]. Such
response diversity may include sensitivity to specific parasites and diseases [35]. As a result the
resilience of a functional role should be expected to increase with the number of species in a
near-neutral group. A corollary is that such resilience from functional redundancy will be
much rarer in larger animals, simply because species richness decreases with body size in the
animal kingdom. It is therefore no surprise that the loss of large species can give rise to substan-
tial functional change in ecosystems [36]. While redundancy may be the rule in smaller crea-
tures, the functional uniqueness of larger ones could imply that they are often the Achilles heel
for ecological functioning.
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